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In Brief
How animals match nutrient intake to
their needs is unclear. Walker et al. show
that mating induces a salt appetite in
Drosophila, resembling that seen during
reproduction in many species. This
appetite is induced by a feedforward
change in taste processing, driven by a
male-derived signal acting on female
postmating circuitry.
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To optimize survival and reproduction, animals must
match their nutrient intake to their current needs.
Reproduction profoundly changes nutritional re-
quirements, with many species showing an appetite
for sodium during reproductive periods. How this in-
ternal state modifies neuronal information process-
ing to ensure homeostasis is not understood. Here,
we show that dietary sodium levels positively affect
reproductive output in Drosophila melanogaster; to
satisfy this requirement, females develop a strong,
specific appetite for sodium following mating. We
show that mating modulates gustatory processing
to increase the probability of initiating feeding on
salt. This postmating effect is not due to salt deple-
tion by egg production, since abolishing egg pro-
duction leaves the sodium appetite intact. Rather,
the salt appetite is induced need-independently by
male-derived Sex Peptide acting on the Sex Peptide
Receptor in female reproductive tract neurons.
We further demonstrate that postmating appetites
for both salt and yeast are driven by the resultant
silencing of downstream SAG neurons. Surprisingly,
unlike the postmating yeast appetite, the salt appe-
tite does not require octopamine, suggesting a diver-
gence in the postmating circuitry. These findings
demonstrate that the postmating circuit supports
reproduction by increasing the palatability of specific
nutrients. Such a feedforward regulation of sensory
processing may represent a common mechanism
through which reproductive state-sensitive circuits
modify complex behaviors across species.
INTRODUCTION
To maintain homeostasis, animals must select suitable nutrients
and consume them in appropriate quantities. Moreover, while an
environmental resource could be useful to an animal in one phys-
iological state, under different conditions that same resource
could be detrimental to its fitness [1]. Thus, animals must adapt
their behavioral responses to sensory cues depending on their
internal state. This can be achieved bymodulating the attractive-Current Biology 25, 2621–2ness of an external cue depending on its usefulness in the cur-
rent internal state, a process termed ‘‘alliesthesia’’ [2]. Despite
an increasing body of knowledge on neuronal circuit mecha-
nisms underlying homeostatic motivated behaviors [3, 4], we
lack a comprehensive understanding of the mechanistic basis
of alliesthesia. To achieve such an understanding, it would be
necessary to characterize the neurons that detect an external
stimulus, to identify how the internal state is sensed, and to eluci-
date how these signals are integrated to produce state-appro-
priate behaviors.
Intake of specific nutrients can be adapted to the needs in the
current state through two alternative mechanisms: need-depen-
dent, where an internal deficit of a particular nutrient induces an
appetite for that nutrient through negative feedback to restore
homeostasis; and need-independent, where, in contrast, an in-
ternal state signal itself induces a feedforward appetite for a
nutrient that is usually necessary in that state, independently of
the internal levels of that nutrient [5]. In spite of a wealth of study
on the feedbackmechanisms underlying homeostatic behaviors,
the relative contribution and mechanisms of feedforward modu-
lation to nutrient homeostasis remains unclear.
During reproduction, animals’ nutritional requirements drasti-
cally change, with females generally investing large quantities
of resources into producing progeny. To meet this nutritional
demand, many species show specific behavioral adaptations
to increase their intake of particular nutrients during reproductive
episodes. In Drosophila melanogaster, for example, mating in-
creases females’ preference for protein-rich yeast, ensuring
adequate protein for egg development [6, 7]. Another nutrient
that has particularly profound effects on reproductive success
is sodium [8–11]. In order to ensure sufficient sodium is acquired
to maximize reproductive output, many species, including hu-
mans, show a specific appetite for sodium during the reproduc-
tive period [12–16]. However, the neuronal mechanisms through
which animals’ reproductive states drive this salt appetite remain
obscure.
Upon mating, Drosophila females dramatically change their
behavior [17, 18]. The long-term postmating behavioral switch
can be attributed largely to the action of the male-derived Sex
Peptide (SP), transferred to the female during copulation, on
the neuronal Sex Peptide Receptor (SPR) [19–22]. At the circuit
level, recent years have seen the emergence of a ‘‘canonical’’
postmating neuronal pathway mediating the postmating switch,
pinpointing the action of SP to a small population of Sex Peptide
Sensory Neurons (SPSNs) in the reproductive tract [23–25]. SP
binding silences the activity of SPSNs, and thereby silences630, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2621
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Figure 1. Dietary Salt Stimulates Egg
Laying, and Mating Drives a Salt Appetite
(A) Number of eggs laid per female after feeding on
standard medium with varying concentrations of
added NaCl (n = 14). (B) Percentage of eggs
hatched 48 hr after removal of females fed on
standard medium with varying concentrations of
added NaCl (n = 14). See also Figure S1A.
(C) Consumption of 100 mM NaCl per fly in 1 hr
for virgin and mated females, as measured in the
CAFE assay (n = 14–15). Groups compared by
unpaired two-tailed t test.
(D) The microstructure of feeding in Drosophila.
Single contacts of the proboscis with the food
(‘‘sips’’) are grouped into feeding bursts separated
by inter-burst intervals.
(E) Total number of sips, (F) number of sips per
feeding burst, and (G) mean inter-burst interval of
single virgin and mated females feeding from
100 mM NaCl on the flyPAD (n = 72–80).
(A and B) Groups compared by one-way ANOVA,
followed by post hoc multiple comparisons tests
comparing each group to the 0 mM control
group, with Bonferroni correction. (E–G) Groups
compared by Wilcoxon rank-sum test. In (A) and
(C), boxes show median and upper/lower quar-
tiles, and whiskers show minimum/maximum
values. In (B), bar represents mean, and error
bars represent SD. In (E)–(G), boxes represent
upper and lower quartiles with median.
Notsignificant (ns) =p>0.05, **p<0.01, ***p<0.001.the downstream SP abdominal ganglion (SAG) neurons, which
project into the central brain to bring about increased egg laying
and decreased receptivity to remating [26]. Furthermore, octop-
amine is a key modulator of postmating behavioral adaptations,
presumably acting through a small set of octopaminergic
neurons located in the abdominal ganglion [27]. Therefore this
‘‘canonical’’ postmating neuronal circuit, consisting of the
SPSN/SAG/octopamine components, stipulates that SP acts
on one small set of neurons that then convey this information
to different sensorimotor systems. This view stands in contrast
to early work on SP, which proposed that postmating changes
could be elicited by SP acting directly on sensory neurons that
detect cues such as nutrients andmale pheromones,modulating
the sensory responses of these neurons and thus the behavioral
responses to sensory cues [17]. How the postmating circuit
alters female behaviors and if these behavioral changes are
mediated by modulation of sensory processing still remains to
be elucidated, particularly in the context of postmating changes
in nutritional homeostasis.
In this study, we show that, as in many animals, salt intake
positively affects reproductive output in Drosophila mela-
nogaster, and, in order to acquire this resource, flies develop
a specific sodium appetite following mating. This appetite can
be attributed to an increased probability of initiating feeding on
salt, which is driven by increased attractiveness of salt taste.
Further, we show that the salt appetite is induced independently
of salt requirements for egg laying. Instead, the postmating salt
appetite is driven need-independently by Sex Peptide (SP)
transferred in male seminal fluid. SP acts through the canonical
postmating circuitry to enhance the behavioral response to
attractive salt taste. Likewise, the yeast appetite following2622 Current Biology 25, 2621–2630, October 19, 2015 ª2015 Elsevimating is driven through the canonical postmating circuitry. Sur-
prisingly, unlike other postmating behaviors including yeast
appetite, the postmating salt appetite does not require octop-
amine. Thus, a central internal state-sensitive neuronal pathway
drives alliesthesia, enhancing the attractiveness of salt taste
in order to increase consumption of salt, which is useful for
egg production. These results highlight reproduction as critical
modulator of taste processing and bring new insight into
the mechanistic basis of this state-dependent nutritional
modulation.
RESULTS
NaCl Enhances Reproductive Output
Salt intake has been shown to impact reproductive success in
several species [8, 9, 11, 15, 28]. To assess whether this was
also the case in Drosophila melanogaster, we supplemented
the diet of adult females with varying concentrations of NaCl
for 3 days, beforemeasuring their egg laying capacity. This treat-
ment resulted in a dose-dependent increase in eggs laid within
the range of concentrations tested (Figure 1A). This could be
due either to an effect of sodium itself supporting egg production
or to the phagostimulatory power of sodium increasing total food
intake, which, in turn, increases egg production. Importantly, the
supplement had no effect on egg viability (Figure 1B), so that
ultimately females with higher dietary sodium produced more
offspring (Figure S1A).
Mating Drives Increased Salt Intake
In Drosophila, mating leads to a change in the behavioral reper-
toire of females aimed at increasing offspring production [17].er Ltd All rights reserved
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Figure 2. Mating Modulates Gustatory
Response to Sodium
(A) Proboscis extension response (PER) assay re-
ports probability of behavioral response upon
gustatory stimulation.
(B and C) Probability of responding with proboscis
extension (p(PER)) following stimulation of the tarsi
(B) or labellum (C) with varying concentrations
of NaCl for virgin and mated females (n = 53–87)
and mated males (n = 103). Response of mated
females is greater than that of mated males at all
concentrations except 10 mM.
(D) p(PER) following stimulation of the tarsi
with NaG (n = 114–163), KCl (n = 29–41), and
CaCl2 (n = 29–41). NaG is sodium gluconate,
NaC6H11O7.
(E) p(PER) following stimulation of the tarsi with
NaCl at varying concentrationsmixedwith sucrose
at the indicated concentration (n = 44–71). Su-
crose concentrations were chosen to give similar
p(PER) when presented alone, based on sucrose
dose-response curves for virgin and mated fe-
males (data not shown). Flies were starved for
24 hr to elicit sucrose responses.
(F) p(PER) of mated females of the indicated ge-
notypes in response to 100 mMNaCl presented to
the tarsi. Flies were kept for 24 hr at the indicated
temperature before assays, which were performed
at room temperature (n = 19–40).
Error bars show 95% confidence interval (CI). In
(B), asterisks represent comparison between virgin and mated females. All comparisons were performed using 2 3 2 Fisher’s exact test. In (E), colors indicate
comparisons to corresponding 0 mM NaCl response, and black asterisks represent comparison between virgin and mated responses.
ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.While virgin Drosophila lay few eggs, mating causes a rapid
increase in egg production and laying [29, 30]. Since dietary
salt supports increased egg production, we hypothesized that
mating could drive an increased appetite for this nutrient.
Accordingly, we compared the NaCl intake of virgin and mated
females using the CAFE assay [31]. Indeed, mated females
consumed more salt (Figure 1C). To identify the behavioral stra-
tegies underlying the increase in salt intake, we turned to the fly-
PAD technology, which allows us to identify individual ‘‘sips’’ as
well as the organization of these sips into feeding bursts by
measuring capacitance changes upon contact of the fly with
food ([32]; Figure 1D). As expected from the CAFE assay, mated
females had a higher number of sips from NaCl compared to
virgins (Figure 1E). Flies could increase their salt intake by
increasing the probability of initiating a feeding burst or by
increasing the duration of these bursts or both. However, anal-
ysis of the feeding microstructure showed that mating does
not affect the number of sips in each feeding burst, but de-
creases the interval between these bursts (Figures 1F and 1G).
This strongly suggests that mated females increase their salt
intake by increasing the probability of initiating feeding.
Mating Increases the Gustatory Response to Sodium
The probability of initiating feeding is thought to be strongly
dependent on the detection of food by the gustatory system
[33–35]. Thus, increased salt intake could be achieved by modu-
lating the initial response to the gustatory salt stimulus, opening
the intriguing possibility that mating directly alters taste process-
ing. To directly address whether mating changes the gustatoryCurrent Biology 25, 2621–2response to salt, we turned to the proboscis extension response
(PER) assay, which assesses the behavioral response to gusta-
tory stimulation alone, in the absence of consumption ([33, 36];
Figure 2A). We measured the PER to stimulation of tarsal gusta-
tory receptor neurons (GRNs) by salt and found that mating
consistently increased the probability of proboscis extension in
response to NaCl (Figure 2B). This increased gustatory response
was observed both when tarsal and labellar GRNs were stimu-
lated, and across all concentrations tested (Figures 2B and
2C). The strong salt response was clearly sexually dimorphic,
since mated male flies showed a weaker response to NaCl (Fig-
ure 2B); and it was independent of hunger state, since starvation
had no effect on salt responses (Figure S1B). Furthermore, this
postmating appetite was specific to sodium: a similar increase
was seen for sodium gluconate, whereas flies failed to respond
to other Cl– salts (Figure 2D). Interestingly, behavioral responses
to sodium gluconate are lower than those to NaCl, suggesting
that, as in mammals, the anion may contribute to salt taste,
with larger anions decreasing salt palatability [37]. Thus, mating
leads to an increased gustatory response to sodium. The resul-
tant increased probability of initiating feeding from salt sources
is likely to underlie the observed increase in salt intake, and
thus to support the high rate of egg production following mating.
Just as in mammals, sodium is detected by Drosophila using
the gustatory system, with low concentrations activating gusta-
tory receptor neurons (GRNs) that drive attraction, and high
concentrations recruiting an additional aversive pathway [38].
To assess the contribution of these two components, we used
amixture of sucrose and salt. We chose a sucrose concentration630, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2623
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Figure 3. Postmating Salt Appetite Is Driven Need-Independently by Sex Peptide
(A) Schematic diagram of germlinemanipulation. Upon heat-shock treatment, bam overexpression induces differentiation of germline stem cells, leading to a loss
of egg production.
(B) Ovaries dissected from hs-bam (left) and w1118 (right) females following heat shock.
(C) p(PER) of females of the indicated genotypes and conditions in response to 100 mM NaCl presented to the tarsi (n = 56–79).
(D) p(PER) of wild-type virgin females and females mated to males with or without Sex Peptide, in response to 100 mM NaCl presented to the tarsi (n = 73–99).
(C and D) Error bars show 95% CI. Significance tested using 2 3 2 Fisher’s exact test.
ns = p > 0.05, *p < 0.05, ***p < 0.01that elicited an intermediate probability of proboscis extension.
In mated females, addition of 100 mM salt increased the proba-
bility of proboscis extension while a higher concentration in-
hibited the response compared to sucrose alone (Figure 2E).
Interestingly, we found that the attractive response to low salt
was largely absent in virgin females, while the aversive effect
at higher concentrations (>100 mM) was still clearly visible (Fig-
ure 2E). Furthermore, mating also shifts the peak p(PER) to a
higher concentration of NaCl (Figure 2E). These results suggest
that mating increases the palatability of attractive concentrations
of salt while leaving the aversive effect of high concentrations
intact. The attractive response to salt taste has been shown
to depend on the Ir76b receptor [38]. Indeed, we found that
adult-specific silencing of Ir76b-expressing neurons abolished
the behavioral response of mated females to salt, indicating
that these neurons form the basis of the attractive salt response
that is modulated by mating (Figure 2F).
Postmating Salt Appetite Is Driven in a Need-
Independent Manner by Sex Peptide
Animals can regulate their nutrient intake using either need-
dependent or need-independent mechanisms [5]. Since mating
increases the rate of egg production, and salt intake positively
affects egg production, we hypothesized that mating could
deplete sodium levels, leading to a homeostatic salt appetite
to restore these levels in a need-dependent manner. To test
this hypothesis, we genetically abolished egg production by
driving the differentiation factor Bam under the control of a
heat-shock promoter, and exposing flies to heat-shock treat-
ment during larval development, causing premature differentia-
tion of all germline stem cells and hence a loss of egg production
([39]; Figure 3A). Examination of the ovaries from these flies
revealed a loss of all stages of egg chambers (Figure 3B). If the2624 Current Biology 25, 2621–2630, October 19, 2015 ª2015 Elsevipostmating salt appetite is driven by egg production, this treat-
ment should abolish the salt appetite. In fact, we found that
blocking egg production had no effect on this appetite, with
germ-less females increasing their response to salt after mating
in the same way as all control lines (Figure 3C). Therefore, egg
production does not itself influence salt-taste responses.
If the postmating salt appetite is not caused by feedback from
salt depletion, it could be driven in a feedforward, need-indepen-
dent manner. Mating drastically changes the behavior of female
flies, with many of these behavioral effects induced by Sex Pep-
tide (SP), amale-derived peptide transferred to the female during
copulation in the seminal fluid [19–21]. Indeed, it has been shown
that SP drives the postmating switch in female nutrient prefer-
ence toward protein-rich yeast, independently of its effect on
egg production [6]. We therefore speculated that SP could drive
the postmating salt appetite. To test this, we mated wild-type
females to males that lack the Sex Peptide gene and found
that these males failed to induce the postmating salt appetite
induced by mating to control males (Figure 3D). Sex Peptide
transferred from the male during copulation therefore induces
salt appetite in females upon mating.
Sex Peptide Receptor Inhibits the Postmating Circuitry
to Drive Postmating Appetites
Sex Peptide drives a host of behavioral changes following mat-
ing. It has been proposed that these changes could be elicited
by Sex Peptide acting directly on chemosensory neurons and
thus modifying the behavioral responses to sensory cues [17].
On the other hand, SP increases egg laying and decreases
receptivity to remating solely through its action on a small
population of Sex Peptide Sensory Neurons (SPSNs) in the
reproductive tract [23–25]. Thus, SP could drive a salt appetite
either by acting on salt-detectingGRNs, or through the canonicaler Ltd All rights reserved
postmating circuitry, to change the behavioral response to salt
detection. Since we can isolate the sensory channel responsible
for salt detection, we can disambiguate these two possibilities.
To test whether SP induces appetites toward specific nutri-
ents by acting on sensory neurons or through the canonical post-
mating circuitry, we knocked down the expression of SPR in
these two neuron types and measured the effect on postmating
appetites. We employed RNAi to knock down SPR expression
in salt-detecting GRNs using Ir76b-Gal4, and in SPSNs using
VT3280-Gal4 (Figure 4C). To control for effects of genetic back-
ground on salt responses, we calculated the difference between
the probability of proboscis extension response of mated fe-
males and virgins, Dp(PER), and compared this value between
lines. Using this approach, we found that SPR knockdown using
Ir76b-Gal4 had no effect on the magnitude of the postmating
change in labellar salt responses (Figure 4D). In contrast, SPR
knockdown in SPSNs, using VT3280-Gal4, reduced the magni-
tude of this postmating effect on salt, and this change in magni-
tude is due specifically to a decrease in the response of mated
females (Figures 4D and S2A). These results suggest that mating
influences salt intake through the same molecular and neuronal
pathway that modulates egg laying and receptivity. Further, SPR
is also required for the postmating increase in yeast feeding [6].
SPR is known to be required in neurons expressing ppk-Gal4
[23, 24], but whether these are chemosensory neurons or
SPSNs is unknown. Thus, we used VT3280-Gal4 to knock
down SPR specifically in SPSNs and measured the effect of
mating on feeding from yeast and sucrose sources (Figures 4B
and 4E). We found that this manipulation decreased the yeast
feeding of mated, but not virgin, flies deprived of protein for
3 days, whereas it had no effect on sucrose feeding, suggesting
that SPR preferentially increases feeding on resources that are
important for reproductive output, namely salt and yeast (Figures
4E and S2B). We thus conclude that Sex Peptide acts on its
receptor, SPR, in Sex Peptide sensory neurons of the reproduc-
tive tract to increase females’ feeding on sodium and yeast
following mating.
SP binding is thought to result in silencing of SPSNs [23, 24,
26]. To investigate whether this silencing also causes the post-
mating salt and yeast appetites, we artificially silenced SPSN
activity using Kir2.1 (Figure 4F). Indeed, virgins in which SPSNs
were silenced showed increased salt responses compared to
control virgins when stimulated on the labellum, whereas the
response of mated females was unaffected (Figure 4G). Like-
wise, the yeast feeding behavior of virgins in which SPSNs
were silenced was increased to a level close to that of mated fe-
males, whereas sucrose intake was unaffected compared to
controls (Figures 4H and S2C). Thus, silencing of SPSN activity
is sufficient to induce the postmating salt and yeast appetites,
mimicking the effect of mating.
To elucidate the circuitry downstream of SPSNs that alters
food preference following mating, we silenced the activity of
SAG neurons, the neurons postsynaptic to SPSNs that bring
this signal into the central brain to modulate receptivity and
egg laying, by expressing Kir2.1 under the control of VT50405-
Gal4 (Figure 4I). We found that silencing the activity of SAG
neurons caused virgin females to develop a salt appetite, fully
recapitulating the effect of mating on salt responses (Figure 4J).
Similarly, silencing SAG neurons caused virgin females to in-Current Biology 25, 2621–2crease their yeast feeding as if they were mated, without
affecting the intake of mated females (Figure 4K). This effect
was nutrient specific, since the same manipulation had no effect
on virgins’ sucrose feeding (Figure S2D). To ensure that the
observed effects were due to silencing of SAG neurons, we
further restricted Kir2.1 expression to these neurons using
split-Gal4 combinations [26]. These more precise manipulations
recapitulated all observed effects (Figures S2E and S2F). These
results demonstrate that SP transferred from the male acts on
SPR in SPSNs, and the resultant silencing of downstream SAG
neurons drives an increased appetite for both salt and yeast,
independently of the fly’s salt and protein requirements for egg
production.
In order to elucidate the behavioral strategies and neuronal
mechanisms underlying the mating-induced increase in yeast
intake of protein-deprived flies, we looked into the microstruc-
ture of yeast feeding. In contrast to its effect on salt feeding,
we found that in yeast-deprived females mating resulted in
both a decrease in the inter-burst interval and an increase in
the number of sips per feeding burst for all control lines feeding
on yeast, includingCanton-S (Figure S3). Manipulating SPSNs or
SAG neurons had a clear effect on the inter-burst interval, mirror-
ing the effect on the total number of sips (Figures S3A, S3C, S3E,
and S3G). The influence of these manipulations on the number
of sips per burst, however, was less clear: while the normal
postmating increase in number of sips per burst was lost in the
manipulated group, comparisons of each condition with the
control genotype did not yield a clear effect (Figures S3B, S3D,
S3F, and S3H). Thus, the postmating yeast appetite in protein-
deprived females is induced by both a change in the probability
of feeding initiation, as seen for salt, and an increase in yeast sips
per feeding burst. While the SPR pathway has a strong effect on
the inter-burst interval of yeast feeding, it may also contribute to
the change in burst length.
Octopamine Is Required for Postmating Yeast
but Not Salt Appetite
Octopamine has been proposed to be an important mediator of
postmating responses. Mutation of the gene encoding the oc-
topamine biosynthetic enzyme TbH decreases the magnitude
of the postmating change in receptivity [27]. The action of octop-
amine on postmating behaviors has been proposed to be
mediated by a small population of octopaminergic dsx+ Tdc2+
neurons in the female abdominal ganglion. Thus, we tested the
effect of abolishing octopamine production on the magnitude
of the postmating change in salt responses, Dp(PER) (Figure 4L).
In contrast to its effect on receptivity, we found that a deficit of
octopamine had no effect on the magnitude of the postmating
increase in salt responses (Figure 4M). Interestingly, we also
found that flies lacking octopamine had a generally reduced level
of response to salt, suggesting that while octopamine is dispens-
able for the postmating salt appetite, it may be involved in the
regulation of salt-taste processing by other physiological factors
such as hemolymph osmolarity (Figure S2G). In contrast, flies
lacking TbH failed to increase their yeast feeding following
mating (Figure 4N). This effect on yeast feeding was due to an
insensitivity to mating status and not to an insensitivity to protein
deprivation, since the mutation did not decrease the intake of
male flies deprived of protein for 10 days (Figure S2H). Similarly630, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2625
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Figure 4. SPR Silences Postmating Circuitry to
Drive Salt and Yeast Appetites
(A and B) Diagrams of assays used. (A) PER to NaCl;
(B) feeding from yeast on flyPAD during sucrose-yeast
choice experiment.
(C, F, I, and L) Diagram representing manipulations of
postmating molecules and circuitry.
(D) Dp(PER), the difference between mated and virgin
p(PER), for females with or without SPR knockdown
in salt GRNs (Ir76b-Gal4) or SPSNs (VT3280-Gal4)
(n = 79–158).
(E) Number of sips from 10% yeast in 1 hr by females
with or without SPR knockdown in SPSNs (VT3280-
Gal4) (n = 29–35).
(G and H) Effect of silencing SPSNs (VT3280-Gal4) in
virgin and mated females on p(PER) to 100 mM NaCl
presented to the labellum (G; n = 134–177) and
on number of sips from 10% yeast on the flyPAD
(H; n = 40–49).
(J and K) Effect of silencing SAG neurons (VT50405-
Gal4) in virgin and mated females on p(PER) to
100 mM NaCl presented to the labellum (J; n = 39–78)
and on number of sips from 10% yeast on the flyPAD
(K; n = 32–49).
(M and N) Effect of TbH mutation on Dp(PER) in
response to 100 mM NaCl presented to the tarsi or
labellum (M; n = 174–215) and on number of sips from
10% yeast by virgin and mated females on the flyPAD
(N; n = 52–57).
(D, G, J, and M) Error bars, 95% CI.
(D and M) Groups compared by weighted least-
squares statistic.
(E, H, K, and N) Boxes represent median with upper/
lower quartiles. Groups compared by Wilcoxon rank-
sum test.
(G and J) Groups compared by 2 3 2 Fisher’s exact
test.
ns = p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001.
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to the effect of manipulating the postmating circuitry, the lack of
octopamine strongly affects the interval between yeast feeding
bursts specifically in mated females, whereas the effect on the
number of sips per burst is less clear (Figures S3I and S3J).
Therefore, octopamine is required to induce the postmating
yeast appetite as well as other postmating behavioral changes,
but not the postmating salt appetite. This suggests a possible
divergence point in the CNS of the postmating signals modu-
lating distinct postmating behaviors, including appetites for
different nutrients.
DISCUSSION
Animals’ nutritional requirements vary over their life cycle, and
this necessitates specific behavioral mechanisms to adapt their
food choices to their current internal state. Here, we show that
similarly to the previously characterized switch in feeding pre-
ference toward high-protein yeast, Drosophila also develop a
specific appetite for sodium following mating. This appetite is
adaptive for the female since, like protein, salt is important for
reproductive success: we demonstrate here that dietary sodium
levels positively impact the rate of offspring production. Salt
could increase reproductive output in two ways: it could support
egg production by providing ions required for the osmotic bal-
ance within the newly created eggs, or the phagostimulatory
power of sodium could result in increased total food intake and
hence an increase in egg production. Irrespective of the exact
mechanisms, our results show that dietary sodium clearly affects
the rate of offspring production. The postmating salt appetite is
due primarily to an increase in the probability of initiating feeding
from salt, which can be attributed to an increased gustatory
attraction to sodium. Mating not only elevates the gustatory
response to all concentrations of salt, but also results in a shift
in the peak response toward higher concentrations. This shift
would allow mated females to regulate their salt consumption
to a different intake target from virgins, without requiring
nutrient-specific feedback to operate within the fly [40]. Indeed,
neither the postmating salt nor yeast appetites are driven by
feedback from depletion of internal nutrient stores by egg
production [6]. While we cannot exclude the possibility that
physiological processes induced by mating, other than egg pro-
duction, could consume salt or protein, our data indicate that a
feedforward signal in the male seminal fluid, Sex Peptide,
directly drives salt and yeast appetites. Sex Peptide binds to
SPR in SPSNs, whose silencing results in silencing of SAG neu-
rons [22–24, 26]. This leads to appetites for both salt and yeast,
in addition to the previously described changes in receptivity
and egg laying [26]. These results suggest that the intake of
reproductive nutritional resources is controlled by a common
regulatory logic, whereby the signal of mating is detected by
local uterine neurons and changes nutrition in a feedforward,
anticipatory manner. It will be interesting to explore to what
extent feedforward regulation is employed to control specific
behavioral strategies used to acquire nutrients depending on
different internal state signals.
Our data are consistent with the current view that the signal of
mating status is brought into the central brain through a common
pathway, the SPSN-SAG axis, to regulate the full set of post-
mating responses including egg laying, remating, and nutrition.Current Biology 25, 2621–2Given the diverse set of behaviors regulated by mating, one
would expect the circuit to diverge downstream. However, the
point of divergence is currently unknown. Octopamine is known
to be required for ovulation [41] and is required for the full reduc-
tion in receptivity that normally follows mating [27]. In agreement
with these results, we found that octopamine is also required for
the postmating increase in yeast intake in protein-deprived fe-
males, while it is dispensable for sensing internal amino acid
deficiency. However, while octopamine does influence the over-
all level of salt responses, our results show that it is not neces-
sary for the postmating change in salt response. These data
suggest that octopamine may represent such a divergence point
in the postmating circuit, with the previously characterized dsx+
Tdc2+ neurons being likely neuronal candidates mediating this
divergence. It has, however, been proposed that octopamine
may act genetically upstream of SP [26, 42]; this could be
compatible with our results if the salt appetite is relatively insen-
sitive to small changes in SP levels. Regardless, this result hints
at distinct circuitry controlling the different behavioral changes
elicited by mating, which could aid in the future elucidation of
how a specific internal state signal could coordinate changes
in a wide range of different behaviors.
Salt has been shown to be one of the most limiting nutritional
resources in many ecosystems [28, 43–45]. Our results provide
insights into the physiological regulation of salt intake, which un-
til now has remained unexplored in Drosophila. The postmating
sodium appetite we demonstrate here is intriguing in the light
of the specific sodium appetite seen during pregnancy and lacta-
tion in variousmammalian herbivores, and even humans [12–16].
As in Drosophila, these species show an increased gustatory
attraction to salt following mating [16, 46]. While the mechanism
used to detect mating in these species is different, the feedfor-
ward, need-independent nature of the salt appetite is likely to
be similar. In rats, this appetite is induced within a few days
after mating [12] and is present even if the animal has access
to sufficient salt in its diet [47]; furthermore, a salt appetite can
be induced in rabbits by administration of a mixture of reproduc-
tive hormones in the absence of mating [48]. Thus, the detection
of mating by the nervous system and the subsequent feedfor-
ward increase in response to salt taste is likely to be a common
feature of many non-carnivorous species, making alliesthesia
a likely universal mechanism driving reproductive salt appetites.
While much is known about the regulation of salt intake in
mammals [49, 50], the mechanisms through which reproduction
affects salt appetite remain poorly understood in any species.
Functional genetic circuit analysis combined with activity imag-
ing in Drosophila offer the unique opportunity to understand
the circuit mechanisms through which this internal state signal
can modulate taste processing in the brain, and thus bring about
an adaptive change in food preference [51]. To achieve this,
three possibilities exist. Mating could modulate the response
of sensory neurons to salt taste, as demonstrated in the olfactory
pheromone system of moths [52]. In a similar way, GRN re-
sponses are modulated by starvation [53–55], and the sensitivity
of pheromone-sensitive olfactory receptor neurons in mice is
modulated across the estrus cycle [56]. Alternatively, mating
could alter higher-order taste processing. Finally, mating state
could lead to a combination ofmodulation at the receptor neuron
level and modification of higher-order processing. Identifying630, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2627
how alliesthesia is implemented at the circuit level will represent
a unique opportunity to understand how internal state changes
affect sensory processing to mediate adaptive behaviors.
EXPERIMENTAL PROCEDURES
Fly Stocks
Flieswere reared at 25C, 70% relative humidity on a 12-hr-light-dark cycle. All
experimental and control cohorts were matched for age and husbandry con-
ditions. The fly medium contained, per liter, 80 g cane molasses, 22 g sugar
beet syrup, 8 g agar, 80 g corn flour, 10 g soya flour, 18 g yeast extract,
8 ml propionic acid, and 12 ml nipagin (15% in ethanol). Canton-S was used
as thewild-type strain in this study.UAS-Kir2.1 (II) was obtained from the Bloo-
mington Drosophila Stock Center (#6596). VT3280 and VT50405 were ob-
tained from the Vienna Drosophila Resource Center (#200327 and #200652,
respectively). Other stocks used in this study included Ir76b-Gal4 [57]; tub-
Gal80ts; SP mutant SP0/D130 and SP control SP+/D130 [20]; UAS-SPR-IR2
[22]; TbHnM18 [41]; hsp70-bam [39]; and SAG-1 and SAG-2 split-Gal4 combi-
nations [26]. For detailed genotypes and sources, see Table S1. For experi-
ments with UAS-SPR-RNAi, all genotypes contained a first chromosomal
UAS-Dcr2 transgene.
Egg Laying and Viability Assays
Canton-S flies were collected into vials of 16 females and six males on the day
of eclosion and aged for 6 days. At this point, they were transferred to a stan-
dard food medium with an added 0, 1, 5, or 10 mM NaCl. After 3 days on this
supplemented food, flies were transferred to apple juice agar plates (per liter
250 ml apple juice, 19.5 g agar, 20 g sugar, 10 ml nipagin [15% in ethanol]),
where they were allowed to lay eggs for 24 hr. At this point, flies were removed
and counted, and eggs were counted. Egg laying was calculated by dividing
the number of eggs by the number of females on each plate. The plates
were then kept at 25C for a further 48 hr, and the number of remaining
unhatched eggs were counted. Egg viability was calculated as (total number
of eggs – number of unhatched eggs) / total number of eggs.
CAFE Assays
Female flies of the indicated genotypes were collected upon eclosion into
vials of 20 virgins. After 3–7 days of aging, they were sorted into vials of either
20 virgins or 10 virgins + 10 Canton-Smales and aged for a further 3 days. To
construct the CAFE setup, three holes were bored into the lid of a Drosophila
bottle, into which three 5-ml capillaries were inserted, each containing 100 mM
NaCl. The bottle also contained a tissue soaked with 50 mM sucrose to ensure
satiation with sugar and hydration. 16 females were inserted into each bottle
bymouth aspiration, at which time the level of each capillary wasmarked. After
1 hr at 25C, 70% relative humidity, the level of each capillary was marked
again and the distance between these marks converted into a volume
consumed per fly. In addition, three bottles were set up in the same way but
without flies, and the mean volume change from these capillaries subtracted
from the capillaries with flies, to control for the effect of evaporation.
flyPAD Assays
Flies of the indicated genotypes were collected upon eclosion into vials of 20
virgins. After 3–7 days of aging, theywere sorted into vials of either 20 virgins or
10 virgins + 10 Canton-S males. For salt assays, flies were aged for a further
3 days before testing on the flyPAD with a single source of 100 mM NaCl in
1% agarose. For sucrose-yeast choice assays, flies were aged for 1 day and
then transferred to vials containing a tissue soaked with 100 mM sucrose for
3 (females) or 10 (males) days of protein deprivation and then tested on the
flyPAD with two food sources: 10% yeast and 20 mM sucrose, each in 1%
agarose. Flies were individually transferred to flyPAD arenas by mouth aspira-
tion and allowed to feed for 1 hr at 25C, 70% relative humidity. flyPAD data
were acquired using the Bonsai framework [58] and analyzed in MATLAB
(MathWorks) using custom-written software, as described [32].
PER Assays
Flies of the indicated genotypes were collected upon eclosion into vials of
20 virgins. After 3–7 days of aging, they were sorted into vials of either2628 Current Biology 25, 2621–2630, October 19, 2015 ª2015 Elsevi20 virgins or 10 virgins + 10 Canton-S males and aged for a further 3 days.
For experiments involving starvation, flies were kept on a tissue soaked with
water for the final 24 hr before mounting. For inducible expression of Kir2.1,
flies were kept at 30C or 22C for the final 24 hr before mounting. Flies
were then gently anaesthetized using CO2 and affixed by the dorsal thorax
to a glass slide using No More Nails (UniBond) in groups of 20. Flies were
allowed to recover for 2 hr at 25C in a humidified box and then moved to
room temperature (22C). They were first allowed to drink water until they
no longer responded to a 5-s stimulation, and then a droplet of test stimulus
was presented for 3 s on the tarsi (Figures 2 and 3) or labellum (Figure 4). Flies
were checked for water satiation between every two to three different stimuli.
Flies were scored as 1 (full extension), 0.5 (partial extension), or 0 (no exten-
sion), and each fly was treated as a single data point for each stimulus. For
Figure 2C, flies were immobilized in a pipette tip rather than a glass slide, to
avoid contact of the legs with the taste stimulus.
Germline Manipulation
After crossing parental flies on day 0, progeny were subjected to a heat shock
treatment on days 6 and 9 to induce expression of bam: vials were submerged
in a water bath at 37C for 1 hr, followed by 1 hr recovery, and a further 1 hr at
37C. Ovaries were dissected in PBS from flies in the same batch as PER
assays.
Statistics
Egg laying and viability values were compared using one-way ANOVA, and
each group compared to the 0 mM control using a post hoc multiple com-
parisons test with Bonferroni correction. CAFE data were compared using a
two-tailed Student’s t test. flyPAD parameters were compared usingWilcoxon
rank-sum test. PER data were compared using a 2 3 2 Fisher’s exact
test, appropriate for categorical data, and 95% confidence intervals were
computed using the modified Wald method [59]. Dp(PER) was calculated as
p(PER)mated-p(PER)virgin, and these values were compared using the weighted
least-squares statistic to test for heterogeneity of risk difference, appropriate
for comparing effect sizes in categorical data [60]. 95% confidence intervals
for Dp(PER) were calculated using the Newcombe-Wilson method without
continuity correction [61]. Statistical tests were performed using Microsoft
Excel and GraphPad Prism 6, which was also used to plot graphs.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures and one table and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2015.08.043.
AUTHOR CONTRIBUTIONS
S.J.W. and C.R. conceived and designed the project, interpreted data, and
wrote the manuscript. S.J.W. performed experiments and data analysis.
V.M.C.-C. performed initial characterization of TbHmutants in nutrient choice.
ACKNOWLEDGMENTS
We thank Richard Benton, Scott Waddell, Ju¨rgen Knoblich, and Barry Dickson
for sharing fly stocks. Stocks obtained from the Bloomington Drosophila Stock
Center (NIH P40OD018537) and the VDRC (Vienna, Austria) were used in this
study. We thank Ce´lia Baltazar for technical assistance in running flyPAD ex-
periments, Pavel Itskov for assistance with analysis code for flyPAD data,
and Zita Santos-Carvalho for establishing the germline manipulation protocol.
We also thank Maria Luı´sa Vasconcelos, Benjamin Prud’homme, Mattias
Alenius, and members of the Behavior and Metabolism laboratory for helpful
discussions and comments on the manuscript, as well as Gil Costa for illustra-
tions. This project was supported by the Portuguese Foundation for Science
and Technology (FCT) grant PTDC/BIA-BCM/118684/2010 and the Human
Frontier Science Program Project Grant RGP0022/2012 to C.R. S.J.W. and
the project were funded by theMarie Curie FP7 Programme FLiACT (ITN) grant
to C.R. V.M.C.-C. was supported by the MIT-Portugal Program, FCT fellow-
ship SFRH/BD/51113/2010. The Champalimaud Neuroscience Progamme is
supported by the Champalimaud Foundation.er Ltd All rights reserved
Received: July 13, 2015
Revised: August 13, 2015
Accepted: August 19, 2015
Published: September 24, 2015
REFERENCES
1. Simpson, S.J., and Raubenheimer, D. (2012). The Nature of Nutrition: A
Unifying Framework from Animal Adaptation to Human Obesity (Princeton
University Press).
2. Cabanac, M. (1971). Physiological role of pleasure. Science 173, 1103–
1107.
3. Sternson, S.M. (2013). Hypothalamic survival circuits: blueprints for pur-
posive behaviors. Neuron 77, 810–824.
4. Mahler, S.V., Moorman, D.E., Smith, R.J., James, M.H., and Aston-Jones,
G. (2014). Motivational activation: a unifying hypothesis of orexin/hypocre-
tin function. Nat. Neurosci. 17, 1298–1303.
5. Barton Browne, L. (1995). Ontogenetic changes in feeding behavior. In
Regulatory Mechanisms in Insect Feeding, R.F. Chapman, and G. de
Boer, eds. (New York: Chapman & Hall), pp. 307–342.
6. Ribeiro, C., and Dickson, B.J. (2010). Sex peptide receptor and neuronal
TOR/S6K signaling modulate nutrient balancing in Drosophila. Curr. Biol.
20, 1000–1005.
7. Vargas, M.A., Luo, N., Yamaguchi, A., and Kapahi, P. (2010). A role for S6
kinase and serotonin in postmating dietary switch and balance of nutrients
in D. melanogaster. Curr. Biol. 20, 1006–1011.
8. Whitehead, C.C., and Shannon, D.W.F. (1974). The control of egg produc-
tion using a low-sodium diet. Br. Poult. Sci. 15, 429–434.
9. Batzli, G.O. (1986). Nutritional ecology of theCalifornia vole: effects of food
quality on reproduction. Ecology 67, 406.
10. Moinier, B.M., and Dru¨eke, T.B. (2008). Aphrodite, sex and salt–from but-
terfly to man. Nephrol. Dial. Transplant. 23, 2154–2161.
11. Chou, R., Hara, A., Du, D., Shimizu, N., Sakuyama, H., and Uehara, Y.
(2014). Low-salt intake during mating or gestation in rats is associated
with low birth and survival rates of babies. J. Nutr. Metab. 2014, 212089.
12. Richter, C.P., and Barelare, B. (1938). Nutritional requirements of pregnant
and lactating rats studied by the selfselection method. Endocrinology 23,
15–24.
13. Denton, D.A., and Nelson, J.F. (1971). The effects of pregnancy and lacta-
tion on the mineral appetites of wild rabbits (Oryctolagus Cuniculus (L.)).
Endocrinology 88, 31–40.
14. Friend, D.W., andWolynetz, M.S. (1981). Self-selection of salt by gilts dur-
ing pregnancy and lactation. Can. J. Anim. Sci. 61, 429–438.
15. McBurnie, M.I., Blair-West, J.R., Denton, D.A., andWeisinger, R.S. (1999).
Sodium intake and reproduction in BALB/C mice. Physiol. Behav. 66,
873–879.
16. Faas, M.M., Melgert, B.N., and de Vos, P. (2010). A brief review on how
pregnancy and sex hormones interfere with taste and food intake.
Chemosens. Percept. 3, 51–56.
17. Kubli, E. (2003). Sex-peptides: seminal peptides of the Drosophila male.
Cell. Mol. Life Sci. 60, 1689–1704.
18. Isaac, R.E., Li, C., Leedale, A.E., and Shirras, A.D. (2010). Drosophila male
sex peptide inhibits siesta sleep and promotes locomotor activity in the
post-mated female. Proc. Biol. Sci. 277, 65–70.
19. Aigaki, T., Fleischmann, I., Chen, P.-S., and Kubli, E. (1991). Ectopic
expression of sex peptide alters reproductive behavior of female D. mela-
nogaster. Neuron 7, 557–563.
20. Liu, H., and Kubli, E. (2003). Sex-peptide is the molecular basis of the
sperm effect in Drosophila melanogaster. Proc. Natl. Acad. Sci. USA
100, 9929–9933.
21. Chapman, T., Bangham, J., Vinti, G., Seifried, B., Lung, O., Wolfner, M.F.,
Smith, H.K., and Partridge, L. (2003). The sex peptide of Drosophila mel-
anogaster: female post-mating responses analyzed by using RNA interfer-
ence. Proc. Natl. Acad. Sci. USA 100, 9923–9928.Current Biology 25, 2621–222. Yapici, N., Kim, Y.-J., Ribeiro, C., and Dickson, B.J. (2008). A receptor that
mediates the post-mating switch in Drosophila reproductive behaviour.
Nature 451, 33–37.
23. Ha¨semeyer, M., Yapici, N., Heberlein, U., and Dickson, B.J. (2009).
Sensory neurons in the Drosophila genital tract regulate female reproduc-
tive behavior. Neuron 61, 511–518.
24. Yang, C.H., Rumpf, S., Xiang, Y., Gordon, M.D., Song, W., Jan, L.Y., and
Jan, Y.-N. (2009). Control of the postmating behavioral switch in
Drosophila females by internal sensory neurons. Neuron 61, 519–526.
25. Reza´val, C., Pavlou, H.J., Dornan, A.J., Chan, Y.-B., Kravitz, E.A., and
Goodwin, S.F. (2012). Neural circuitry underlying Drosophila female post-
mating behavioral responses. Curr. Biol. 22, 1155–1165.
26. Feng, K., Palfreyman, M.T., Ha¨semeyer, M., Talsma, A., and Dickson, B.J.
(2014). Ascending SAG neurons control sexual receptivity of Drosophila
females. Neuron 83, 135–148.
27. Reza´val, C., Nojima, T., Neville, M.C., Lin, A.C., and Goodwin, S.F. (2014).
Sexually dimorphic octopaminergic neurons modulate female postmating
behaviors in Drosophila. Curr. Biol. 24, 725–730.
28. Kaspari, M., Clay, N.A., Donoso, D.A., and Yanoviak, S.P. (2014). Sodium
fertilization increases termites and enhances decomposition in an
Amazonian forest. Ecology 95, 795–800.
29. Soller, M., Bownes, M., and Kubli, E. (1999). Control of oocyte maturation
in sexually mature Drosophila females. Dev. Biol. 208, 337–351.
30. Hanson, F.B., and Ferris, F.R. (1929). A quantitative study of fecundity in
Drosophila melanogaster. J. Exp. Zool. 54, 485–506.
31. Ja, W.W., Carvalho, G.B., Mak, E.M., de la Rosa, N.N., Fang, A.Y., Liong,
J.C., Brummel, T., and Benzer, S. (2007). Prandiology of Drosophila and
the CAFE assay. Proc. Natl. Acad. Sci. USA 104, 8253–8256.
32. Itskov, P.M., Moreira, J.-M., Vinnik, E., Lopes, G., Safarik, S., Dickinson,
M.H., and Ribeiro, C. (2014). Automated monitoring and quantitative anal-
ysis of feeding behaviour in Drosophila. Nat. Commun. 5, 4560.
33. Dethier, V.G. (1976). The Hungry Fly: A Physiological Study of the Behavior
Associated with Feeding (Harvard University Press).
34. Amrein, H., and Thorne, N. (2005). Gustatory perception and behavior in
Drosophila melanogaster. Curr. Biol. 15, R673–R684.
35. Pool, A.-H., and Scott, K. (2014). Feeding regulation in Drosophila. Curr.
Opin. Neurobiol. 29, 57–63.
36. Gordon, M.D., and Scott, K. (2009). Motor control in a Drosophila taste
circuit. Neuron 61, 373–384.
37. Beidler, L.M. (1967). Anion influences on taste receptor response. In
Olfaction and Taste II, T. Hayashi, ed. (Pergamon), pp. 509–534.
38. Zhang, Y.V., Ni, J., and Montell, C. (2013). The molecular basis for attrac-
tive salt-taste coding in Drosophila. Science 340, 1334–1338.
39. Ohlstein, B., andMcKearin, D. (1997). Ectopic expression of the Drosophila
Bam protein eliminates oogenic germline stem cells. Development 124,
3651–3662.
40. Simpson, S.J., and Raubenheimer, D. (1996). Feeding behaviour, sensory
physiology and nutrient feedback: a unifying model. Ent. Exp. Appl. 80,
55–64.
41. Monastirioti, M., Linn, C.E., Jr., and White, K. (1996). Characterization of
Drosophila tyramine b-hydroxylase gene and isolation of mutant flies lack-
ing octopamine. J. Neurosci. 16, 3900–3911.
42. Avila, F.W., Bloch Qazi, M.C., Rubinstein, C.D., andWolfner,M.F. (2012). A
requirement for the neuromodulators octopamine and tyramine in
Drosophila melanogaster female sperm storage. Proc. Natl. Acad. Sci.
USA 109, 4562–4567.
43. Aumann, G.D., and Emlen, J.T. (1965). Relation of population density to
sodium availability and sodium selection by microtine rodents. Nature
208, 198–199.
44. Simpson, S.J., Sword, G.A., Lorch, P.D., and Couzin, I.D. (2006). Cannibal
crickets on a forced march for protein and salt. Proc. Natl. Acad. Sci. USA
103, 4152–4156.630, October 19, 2015 ª2015 Elsevier Ltd All rights reserved 2629
45. Dudley, R., Kaspari, M., and Yanoviak, S.P. (2012). Lust for salt in thewest-
ern Amazon. Biotropica 44, 6–9.
46. Clarke, S.N.D.A., and Bernstein, I.L. (2001). NaCl preference increases
during pregnancy and lactation: assessment using brief access tests.
Pharmacol. Biochem. Behav. 68, 555–563.
47. Frankmann, S.P., Ulrich, P., and Epstein, A.N. (1991). Transient and lasting
effects of reproductive episodes on NaCl intake of the female rat. Appetite
16, 193–204.
48. Denton, D.A., and Nelson, J.F. (1978). The control of salt appetite in wild
rabbits during lactation. Endocrinology 103, 1880–1887.
49. Krause, E.G., and Sakai, R.R. (2007). Richter and sodium appetite: from
adrenalectomy to molecular biology. Appetite 49, 353–367.
50. Noda, M., and Sakuta, H. (2013). Central regulation of body-fluid homeo-
stasis. Trends Neurosci. 36, 661–673.
51. Itskov, P.M., and Ribeiro, C. (2013). The dilemmas of the gourmet fly: the
molecular and neuronal mechanisms of feeding and nutrient decision
making in Drosophila. Front. Neurosci. 7, 12.
52. Saveer, A.M., Kromann, S.H., Birgersson, G., Bengtsson, M., Lindblom,
T., Balkenius, A., Hansson, B.S., Witzgall, P., Becher, P.G., and Ignell,
R. (2012). Floral to green: mating switches moth olfactory coding and pref-
erence. Proc. Biol. Sci. 279, 2314–2322.
53. Marella, S., Mann, K., and Scott, K. (2012). Dopaminergic modulation of
sucrose acceptance behavior in Drosophila. Neuron 73, 941–950.
54. Inagaki, H.K., Ben-Tabou de-Leon, S., Wong, A.M., Jagadish, S.,
Ishimoto, H., Barnea, G., Kitamoto, T., Axel, R., and Anderson, D.J.
(2012). Visualizing neuromodulation in vivo: TANGO-mapping of dopa-2630 Current Biology 25, 2621–2630, October 19, 2015 ª2015 Elsevimine signaling reveals appetite control of sugar sensing. Cell 148,
583–595.
55. Inagaki, H.K., Panse, K.M., and Anderson, D.J. (2014). Independent, recip-
rocal neuromodulatory control of sweet and bitter taste sensitivity during
starvation in Drosophila. Neuron 84, 806–820.
56. Dey, S., Chamero, P., Pru, J.K., Chien, M.-S., Ibarra-Soria, X., Spencer,
K.R., Logan, D.W., Matsunami, H., Peluso, J.J., and Stowers, L. (2015).
Cyclic regulation of sensory perception by a female hormone alters
behavior. Cell 161, 1334–1344.
57. Silbering, A.F., Rytz, R., Grosjean, Y., Abuin, L., Ramdya, P., Jefferis,
G.S.X.E., and Benton, R. (2011). Complementary function and integrated
wiring of the evolutionarily distinct Drosophila olfactory subsystems.
J. Neurosci. 31, 13357–13375.
58. Lopes, G., Bonacchi, N., Fraza˜o, J., Neto, J.P., Atallah, B.V., Soares, S.,
Moreira, L., Matias, S., Itskov, P.M., Correia, P.A., et al. (2015). Bonsai:
an event-based framework for processing and controlling data streams.
Front. Neuroinform. 9, 7.
59. Agresti, A., and Coull, B.A. (1998). Approximate is better than ‘‘exact’’ for
interval estimation of binomial proportions. Am. Stat. 52, 119–126.
60. Lipsitz, S.R., Dear, K.B.G., Laird, N.M., and Molenberghs, G. (1998). Tests
for homogeneity of the risk difference when data are sparse. Biometrics
54, 148–160.
61. Newcombe, R.G. (1998). Interval estimation for the difference between in-
dependent proportions: comparison of eleven methods. Stat. Med. 17,
873–890.er Ltd All rights reserved
